One innate immune response pathway of insects is a serine protease cascade that activates prophenol oxi-dase (pro-PO) in plasma. However, details of this pathway are not well understood, including the number and order of proteases involved. Protease inhibitors from the serpin superfamily appear to regulate the proteases in the pathway. Manduca sexta serpin-4 and serpin-5 suppress pro-PO activation in plasma, apparently by inhibiting proteases upstream of the direct activator of pro-PO. To identify plasma proteases inhibited by these serpins, we used immunoaffinity chromatography with serpin antibodies to isolate serpin-protease complexes that formed after activation of the cascade by exposure of plasma to bacteria or lipopolysaccharide. Covalent complexes of serpin-4 with hemolymph proteases HP-1 and HP-6 appeared in plasma activated by Gram-positive or Gramnegative bacteria, whereas serpin-4 complexes with HP-21 and two unidentified proteases were unique to plasma treated with Gram-positive bacteria. HP-1 and HP-6 were also identified as target proteases of serpin-5, forming covalent complexes after bacterial activation of the cascade. These results suggest that HP-1 and HP-6 may be components of the pro-PO activation pathway, which are activated in response to infection and regulated by serpin-4 and serpin-5. HP-21 and two unidentified proteases may participate in a Gram-positive bacteria-specific branch of the pathway. Several plasma proteins that co-purified with serpin-protease complexes, most notably immulectins and serine protease homologs, are known to be components of the pro-PO activation pathway. Our results suggest that after activation by exposure to bacteria, components of the pro-PO pathway associate to form a large noncovalent complex, which localizes the melanization reaction to the surface of invading microorganisms.
Three pro-PO activating proteases (PAPs) from the tobacco hornworm, Manduca sexta (7) (8) (9) , are similar to pro-PO-activating enzymes or factors identified from the silkworm, Bombyx mori (10), a beetle, Holotrichia diomphalia (11, 12) , and from a crayfish, Pacifastacus leniusculus (13) . These enzymes contain one or two clip domains (2) at their amino terminus and a carboxyl-terminal serine protease domain. They are activated by a specific proteolytic cleavage between the clip domain and the protease domain by unknown upstream proteases. For efficient activation of pro-PO, M. sexta PAPs and H. diomphalia PPAF-I require the presence of serine protease homolog(s) (SPHs) that lack proteolytic activity but function as a co-factor (7) (8) (9) 11, 14, 15) . The SPHs have domain organizations similar to PAPs except that the active site serine residue in the protease-like domain is replaced by glycine. SPHs may also require proteolytic activation of pro-forms to make them functional (14, 16, 17) .
Initiation of the pro-PO activation cascade in response to microbial infection is mediated by pattern recognition proteins that recognize pathogen-associated molecular patterns such as lipopolysaccharide (LPS), peptidoglycan, and β-1,3-glucan (1, 18, 19) . Two M. sexta C-type lectins (immulectins) bind LPS from Gram-negative bacteria and stimulate pro-PO activation in plasma (20) (21) (22) . Two β-1,3-glucan recognition proteins have also been characterized from M. sexta (23, 24) . They bind to β-1,3-glucan from fungal cell walls and lipoteichoic acid (a cell wall component of Gram-positive bacteria) and stimulate pro-PO activation (23, 24) . A peptidoglycan recognition protein (PGRP) that binds to peptidoglycan and initiates pro-PO activation in plasma has been characterized in B. mori (25, 26) . PGRPs have also been identified in other insects and arthropods (18, (27) (28) (29) .
Insect plasma contains serine protease inhibitors, including members of the serpin superfamily, which regulate the pro-PO activation pathway. Serpins are proteins of ~400 amino acid residues, with an exposed reactive center loop near their carboxyl terminus (30) (31) (32) (33) . Serpins function as suicide-substrate inhibitors by forming stable covalent complexes with proteases after the cleavage of a scissile bond in the reactive center loop (30, 31, 34, 35) . The P1 residue located at the amino-terminal side of the scissile bond determines primary specificity of inhibition.
In M. sexta, six serpins have been identified so far (36) (37) (38) (39) (40) (41) . Serpin-1J, serpin-3, and serpin-6 inhibit PAPs to regulate the last step of the pro-PO activation pathway (9, 40, 41) . Two new immune-responsive serpins, serpin-4 and serpin-5, have recently been identified. They are able to inhibit pro-PO activation to different degrees but are not efficient inhibitors of PAPs, indicating that they inhibit serine proteases upstream of PAPs in the activation cascade (43) . However, it is still not known how many proteases are involved in the pro-PO activation pathway, how they are regulated, or how microbial components trigger the cascade pathway. In this study, we used M. sexta serpin-4 and serpin-5 to probe functions of proteases in the pro-PO activation pathway.
EXPERIMENTAL PROCEDURES Insects
M. sexta larvae were reared as described previously (44) from a laboratory colony originally obtained from Carolina Biological Supply.
Immunoaffinity Purification of Serpin-Protease Complexes
Antibody-coupled protein A-Sepharose CL-4B beads (Sigma) were prepared according to Harlow and Lane (45) , using rabbit antisera to M. sexta serpin-4 or serpin-5 (43) . Hemolymph (20-30 ml) was collected from day 3 fifth instar larvae 24 h after injection with Micrococcus luteus or Escherichia coli (43) , and hemocytes were removed by centrifugation at 9000 g for 15 min at 4 °C. The plasma was warmed to room temperature and adjusted to contain 10 mM diethylthiocarbonate and 1 mM phenylthiourea. Bacteria or lipopolysaccharide (LPS) was then added to the plasma to stimulate activation of protease cascades. Dried M. luteus (Sigma) was added (0.5 µg/µl) to plasma from larvae previously injected with M. luteus. Formaldehydekilled E. coli XL-1 (1 10 8 cells/ml) or LPS from E. coli 026/B6 (0.01 µg/µl, Sigma) was added to the plasma from larvae induced by E. coli. After incubation for 30 min at room temperature, diisopropyl fluorophosphate (Sigma; final concentration 5 mM) and a protease inhibitor mixture (Sigma, P8849; 1 ml for 30 ml of plasma) were added to inactivate proteases. After 10 min, the mixture was centrifuged at 5000 g for 15 min at 4 °C.
The supernatant was mixed with 1-2 ml of protein A-Sepharose CL-4B beads coupled with serpin antibody overnight at 4 °C, and the mixture was then packed into a column. The column was washed with 20 volumes of 1 M NaCl and then 10 volumes of 10 mM sodium phosphate, pH 6.5. For purification of serpin-5 complexes from E. coli-treated plasma, these washing steps were replaced with 10 volumes of phosphate-buffered saline (PBS, 4.3 mM Na 2 PO 4 , 1.4 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4) and then 10 volumes of 0.5 M NaCl. The columns were eluted with 10 volumes of 100 mM glycine, pH 2.5, 10% ethylene glycol. Fractions (0.5 or 1 ml each, equivalent to 0.5 column volume) were collected into 50 or 100 µl (0.1 fraction volume) of 1 M sodium phosphate, pH 8.0. The fractions were analyzed by SDS-PAGE and immunoblotting (43) , using rabbit antisera to the serpins (43) and to M. sexta hemolymph proteases (HPs) HP-1 (AAB94557), HP-2 (AAB94558), HP-6 (AAV91004), HP-8 (AAV91006), HP-9 (AAV91007), HP-10 (AAV91008), HP-12 (AAV91010), HP-13 (AAV91011), HP-14 (AAR29602), HP-15 (AAV91012), HP-16 (AAV91013), HP-17 (AAV91014), HP-18 (AAV91016), HP-19 (AAV91017), HP-21 (AAV91019), and HP-22 (AAV91020) (46, 48) . Antisera to M. sexta immulectins (20, 21) , pro-PO (49) , and serine protease homologs (14) were prepared previously.
Determination of Amino-terminal Sequences
Protein samples were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membranes, stained with 0.025% Coomassie Blue R-250 in 40% methanol, and destained with 50% methanol. The protein bands of interest were excised and subjected to automated Edman degradation sequencing. Serpin-protease complexes were sequenced by the HHMI/Keck Biotechnology Resource Laboratory, Yale University. Other proteins were sequenced by the Biotechnology Microchemical Core Facility, Kansas State University.
Mass Spectrometry Analyses
To identify serpin-4-and serpin-5-protease complexes after separation by SDS-PAGE, the bands were excised, reduced with dithiothreitol, alkylated with iodoacetamide, and then subjected to in-gel digestion with modified L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated porcine trypsin (Promega). The tryptic peptide pools were evaporated to neardryness and desalted on C18 Ziptips (Millipore). The eluted peptides were analyzed by matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry in the Proteomics Center, University of Missouri, Columbia. Spectra were acquired in the positive ion delayed extraction reflector mode on a Voyager DEPro mass spectrometer (Applied Biosystems, Inc.). Spectra were calibrated with a six-peptide calibration standard mixture.
The peptide masses were used to search the NCBI nonredundant protein sequence data base with ProFound (prowl.rockefeller.edu) or MASCOT Peptide Mass Fingerprint (www.matrixscience.com) programs. The mass values were also compared with the masses calculated for tryptic peptides derived from M. sexta hemolymph proteases, using the MSDigest program of ProteinProspector version 4.0.5 (prospector.ucsf.edu).
Inhibition of Pro-HP and Pro-SPH Activation by Serpin-4 or Serpin-5
Samples of 2 µl of plasma were incubated at room temperature for 5 min in the presence or absence of recombinant serpin-4 or serpin-5 (final concentration 0.4 µg/µl), then activated by addition of M. luteus in saline (0.4 µg/µl), and incubated at room temperature for 10 min (43) . Samples were then analyzed by SDS-PAGE and immunoblotting with available HP or SPH antibodies.
RESULTS

Identification and Purification of Serpin-Protease Complexes
Serpin-4 and serpin-5 antibodies detected bands in untreated plasma representing intact serpins (~50 kDa) and a minor, slightly smaller protein consistent with cleaved serpin (Fig. 1 ). After incubation with M. luteus, E. coli, or LPS, the intensity of the 50-kDa band was reduced, and the 45-kDa band increased, suggesting that some intact serpins were converted to the cleaved form. At the same time, higher molecular weight bands (~70 kDa) containing serpin-4 or serpin-5 appeared, consistent with the expected size for serpin-protease complexes (Fig. 1) . Apparently, the exposure to bacteria/LPS led to the activation of plasma proteases, which formed covalent complexes with serpin-4 and serpin-5. Similar changes occurred in plasma from naive larvae (data not shown), although all of the serpin bands were less intense due to lower concentration of serpin-4 and serpin-5 in plasma from naive animals. Treatment of plasma with M. luteus consistently stimulated the formation of more intense serpin-4-protease complex bands than did treatment with LPS.
To identify the proteases inhibited by serpin-4 or serpin-5, we purified the serpin-protease complexes by immunoaffinity chromatography by using the serpin antibodies. Five serpin-4-protease complexes (SPC4-1-5) were isolated from M. luteus-treated plasma (Fig. 2) . Two serpin-4-protease complexes, which had the same electrophoretic mobility as SPC4-1 and SPC4-5, were isolated from LPS-treated plasma (Fig. 2) . The appearance of the multiple serpin-4-protease complex bands suggests that serpin-4 inhibited several plasma proteases. Two serpin-5-protease complexes (SPC5H and SPC5L) were isolated by immunoaffinity chromatography using serpin-5 antibody (Fig. 3 ). These two SPCs were present in plasma treated with M. luteus or E. coli.
Other plasma proteins that co-purified with the complexes and serpin-4 or serpin-5 were not recognized by antibodies to the serpins. Based on their apparent masses, we named the most abundant of these proteins P42, P40, P37, and P34 ( Fig. 2A and Fig. 3A ). The association of these proteins with serpin-4 and serpin-5 was apparently not due to incomplete washing of the columns, because the abundance of these proteins in plasma is much lower than major hemolymph proteins (e.g. hexamerin storage proteins and lipophorin) that did not bind to the antibody columns. In controls using columns coupled with antibodies from preimmune sera, these proteins did not bind (data not shown), further indicating their specific interaction with serpin-4 and serpin-5 or with plasma proteins that interact with the serpins.
Identification of Proteases in Serpin-Protease Complexes
We have cloned cDNAs for 25 M. sexta hemolymph proteases, including three PAPs and other HPs synthesized in fat body or hemocytes (7-9,46), 2 and we prepared antibodies to 16 of these proteases. To test whether these proteases were present in the isolated serpin-4 and serpin-5 complexes described above, we analyzed fractions containing the complexes by immunoblotting, using the HP antibodies. Antibodies to proteases HP-1, HP-6, and HP-21 bound to complex bands SPC4-1, SPC4-5, and SPC4-4, respectively (Fig. 2B) . The SPC4-4 band recognized by antibody to HP-21 was present in M. luteus-treated plasma but not in plasma treated with LPS ( Fig. 2B) , consistent with the result using serpin-4 antibody. Likewise, a 31-kDa band detected by HP-21 antibody (consistent in size with the catalytic domain of active HP-21) was detected only in M. luteus-treated plasma. These results indicate that HP-21 might be involved in a response specific to Gram-positive bacteria. In contrast, the putative catalytic domains of both HP-1 and HP-6 and their complexes with serpin-4 were detected in fractions obtained after treatment with LPS or M. luteus (Fig. 2B) . None of the available HP antibodies recognized SPC4-2 or SPC4-3, which were present only in plasma samples activated by treatment with M. luteus. SPC5H (~85 kDa) was recognized by antibodies to serpin-5 and HP-1, whereas SPC5L (~70 kDa) was recognized by serpin-5 and HP-6 antibodies (Fig. 3B ). These data suggest that serpin-5 regulates HP-1 and HP-6, which are activated in the presence of Gram-positive or Gram-negative bacteria.
HP-1, HP-6, and HP-21 belong to a family of proteases that contain an amino-terminal clip domain and a serine protease domain, linked by a disulfide bond. They are predicted to be activated by specific cleavage between the clip domain and the protease domain (2) . In SDS-PAGE of a serpin-protease complex, it is expected that the catalytic domain of the protease will remain connected to the serpin through a covalent bond between the catalytic serine residue of the protease and the P1 residue of the serpin. The clip domain is released under reducing conditions due to reduction of the disulfide bond that links the clip and protease domains. In Edman degradation analysis of a serpin-protease complex, two amino-terminal sequences can be expected, one for the serpin and one for the catalytic domain of the protease. Amino-terminal sequencing of proteins in SPC4-1, SPC4-4, and SPC4-5 bands isolated from gels showed that all three complexes contained a sequence matching the amino-terminal sequence of serpin-4 (Table I) . SPC4-5 also yielded phenylthiohydantoin-derivatives expected from the HP-6 catalytic chain, consistent with the immunoblot result (Fig. 2B) indicating that SPC4-5 is a complex of serpin-4 with HP-6. However, no second sequence was detected in SPC4-1 or SPC4-4, perhaps due to blocking of the amino termini of the proteases. SPC5H and SPC5L both yielded the amino-terminal sequence of serpin-5 except at residue 10 (Table II) , which may be due to glycosylation of Asn 10 (43) . SPC5L also contained the aminoterminal sequence of the HP-6 catalytic domain (Table II ), indicating that SPC5L is a complex of serpin-5 with HP-6, consistent with the immunoblot result (Fig. 3B) . No second sequence was detected in SPC5H. As SPC5H and SPC4-1 were both recognized by antibody to HP-1, these results suggested a blocked amino terminus of HP-1 present in the complexes with serpin-4 and serpin-5.
As another approach to identify the protease components, we used peptide mass fingerprint analysis to identify protease components in the SPCs. Masses of tryptic peptides derived from all five SPC4s matched well with those of the predicted tryptic peptides of serpin-4, including peptides present only in isoform A or B (Table III) (43) , indicating that both forms of serpin-4 are present in plasma and can inhibit the same proteases.
The experimental peptide masses of SPC4-1 covered 57% of the sequence of the catalytic domain of HP-1 (46) (Fig. 4) . A typical mass spectrum of tryptic peptides of SPC4-1 shows the correspondence between the experimental masses and the predicted peptide masses from both HP-1 and serpin-4 (Fig. 5) . Tryptic peptides from SPC4-5 matched those predicted from HP-6, covering 61% of the HP-6 catalytic domain (Fig. 6 ). Peptides derived from SPC4-4 matched those predicted for HP-21, covering 47% of the catalytic domain sequence (Fig. 7) . Peptides from SPC5L had masses matching those predicted from serpin-5 (46% coverage) and the catalytic domain of HP-6 (64% coverage) (Fig. 8) . These results, consistent with the immunoblot and sequencing data, indicate that serpin-4 formed complexes with HP-1, HP-21, and HP-6 and that SPC5L is a complex of serpin-5 and HP-6. Peptide mass fingerprints of SPC4-2 or SPC4-3 did not match any known M. sexta proteases. For SPC5H, the number of experimentally detected tryptic peptides was too small for identification of its protease component.
Identification of Proteins Co-purified with SPCs
P40, P42, and an ~38-kDa band were recognized by antibody to immulectin-2 (IML-2), and they had apparent molecular masses similar to two isoforms of IML-2 present in M. sexta plasma (21) (Fig. 9 ). P40 and P42 had identical amino-terminal sequences (Table IV) that matched exactly that of IML-2 (21). These results indicate that P40 and P42 are two isoforms of IML-2 identified previously. The 38-kDa band recognized by the IML-2 antibody may be another isoform or a cleaved form of IML-2. P34 and P37, which were recognized by antiserum to IML-3 ( Fig. 9) , had identical amino-terminal sequences (Table IV) that matched the sequence of IML-3 predicted from its cDNA (GenBank TM accession number AAV41236), except at residue 6, with Ser in P34 and P37 and Ala predicted for IML-3. Thus, P34 and P37 appear to be isoforms of IML-3. These C-type lectins (IML-2 and IML-3) that co-purified with the serpin-protease complexes were even more abundant than the serpins themselves in the fractions that bound to the serpin-antibody columns ( Fig. 2A and Fig. 3A ).
Immunoblot analysis using available antibodies to other M. sexta hemolymph proteins detected other components that co-eluted with the SPCs. Based on antibody reactivity and size, we identified SPH-1 and SPH-2, pro-PO-1 and pro-PO-2, PO-1 and PO-2, as well as five hemolymph proteases (PAP-3, HP-8, HP-14, HP-17, and HP-21) (Fig. 9) . SPH-1 and SPH-2 were detected in both types of serpin-4-protease complex fractions, although they were more abundant in the fraction from Gram-positive bacterial treatment. In the serpin-5-protease complex fractions, SPH-2 was more abundant in the sample obtained from plasma treated with E. coli than in the samples exposed to M. luteus. HP-8, HP-17, immulectin-2, immulectin-3, and activated POs were present in similar amounts in both serpin-4-protease complex fractions. PAP-3 and HP-14 were detected only in the fraction from Gram-positive bacterial treatment. PAP-3 and HP-8 antibodies recognized bands of the expected sizes for their complexes with serpins (but these bands were not recognized by serpin-4 antibodies), indicating that they were activated in response to microbial infection and then inhibited by serpins other than serpin-4. (Fig. 9B) . HP-14 antibody detected a band of ~58 kDa in the serpin-5-protease complex fraction purified from E. coli-treated plasma, which was also present in the serpin-4-protease complex fraction (Fig.  9A) . HP-21 antibody detected a band of ~36 kDa (Fig. 9B) , which was also present in the serpin-4-protease complex fractions (Fig. 2B) . Specific antibody-labeled bands were not detected in serpin-5-protease complex fractions when using antibodies to PAP-1, PAP-2, HP-2, HP-8, HP-10, HP-12, HP-13, HP-15, HP-16, HP-18, HP-19, HP-22, SPH-3, immulectin-1, peptidoglycan recognition protein, or serpin-4.
Immunoblot analysis indicated PO-1 and PO-2 were present in the complex fraction and comigrated with SPC4-5 and SPC4-4, respectively in SDS-PAGE (Fig. 9A) . Edman degradation of SPC4-5 yielded a third amino-terminal sequence Phe-Gly-Asn-Glu-Ala-Thr-Lys-Arg-IlePro-Ile-Pro-Ile-Arg-Asn (Table I) , identical to residues 52-66 of pro-PO-1. The proteolytic activation site of pro-PO-1 is located between Arg 51 and Phe 52 (8) . Molecular masses of 30 tryptic peptides from SPC4-4 and SPC4-5 matched well with those predicted from PO-2 and PO-1 (Table V) . These results confirmed the co-purification of Pos (as well as pro-POs) with the serpin-4-protease complexes.
Inhibition of Pro-HP and Pro-SPH Activation
To investigate further how serpins regulate plasma protease cascades, we tested whether activation of HPs and SPH cofactors could be inhibited by serpin-4 or serpin-5 (Fig. 10) . In larval plasma, a band representing a zymogen or pro-form was detected for HP-1, HP-6, HP-8, HP-14, SPH-1, and SPH-2. For HP-8, another lower molecular weight band may represent a species resulting from an initial proteolytic cleavage that does not cause activation. After incubation with a microbial elicitor, the bands representing pro-forms disappeared (HP-6 and HP-8) or slightly decreased (SPH-1and SPH-2), and a new band representing the catalytic domain (HP-6 and HP-8) or protease-like domain (SPH-1 and SPH-2) appeared. For HP-6, a higher molecular weight band, probably representing a complex of activated HP-6 with a serpin, was also observed. These results suggest the proteolytic activation of HP-6, HP-8, SPH-1, and SPH-2, coincident with pro-PO activation. When plasma was incubated with recombinant serpin-4 prior to M. luteus treatment, the bands for HP-6 and HP-8 zymogens did not decrease and their catalytic domains did not appear. Similarly, the bands representing protease-like domains of SPH-1 and SPH-2 were significantly decreased in intensity. These results suggest that serpin-4 blocked the proteolytic activation of HP-6, HP-8, SPH-1, and SPH-2. Recombinant serpin-5 also decreased HP-6 and HP-8 processing but was less effective than serpin-4. The appearance of a more intense HP-6-serpin complex band in the presence of serpin-5 also suggested that serpin-5 did not fully prevent HP-6 activation and that once activated HP-6 formed a complex with serpin-5. The processing of pro-SPH-1 and pro-SPH-2 did not appear to be affected significantly by serpin-5.
In contrast to HP-6 and HP-8, proteolytic activation of HP-1 and HP-14 was unaffected by recombinant serpin-4 or serpin-5. After microbial activation of the plasma, bands representing the catalytic domain and pro-domain of HP-14 were not observed, but a protein band of the size expected for a serpin complex with the catalytic domain of HP-14, detected by HP-14 antibody, became more abundant (Fig. 10) . Supplementation with recombinant serpin-4 or serpin-5 had no effect on intensity of this band. Likewise, no cleavage products were observed for HP-1 after incubation of plasma with the bacteria, and a more intense band probably representing HP-1-serpin complex was observed when activation occurred in the presence of recombinant serpin-4, suggesting that active HP-1 was inhibited by serpin-4. Because a similar intensity of HP-1-serpin complex appeared in plasma mixed with recombinant serpin-4 but not incubated with bacteria, HP-1 may have been active without microbial stimulation of a protease pathway.
DISCUSSION
In this study, we used two recently identified M. sexta serpins as probes to detect proteases that are activated upon exposure of plasma to bacteria. Synthesis of serpin-4 and serpin-5 is up-regulated when larvae are infected with bacteria, and these two serpins can block the microbe-stimulated pro-PO activation cascade at a step upstream of the terminal proteases, PAPs (43) . The M. sexta pro-PO activation pathway appears to be regulated by serpins at several different steps. The PAPs are efficiently inhibited by serpin-3 and serpin-1J (9, 40, 41) , but the pro-PO activation cascade has not yet been characterized sufficiently (in M. sexta or any other insect species) for predicting which proteases are upstream of the PAPs and might be inhibited by serpin-4 or serpin-5. We know that a relatively large number of serine proteases, many containing regulatory clip domains, are present in M. sexta plasma, but their functions
have not yet been identified (2, 3, (7) (8) (9) 46) . 3 In this work, we used available antibodies and cDNA sequence information from our collection of M. sexta hemolymph proteases to identify the proteases inhibited by serpin-4 and serpin-5. This approach made it possible to identify specific serpin-protease interactions in the natural mixture of proteases and serpins in plasma, without the need for the purified proteases. The availability of a large amount of plasma from M. sexta, a large caterpillar, contributed to the feasibility of this strategy.
Serpin-4 formed complexes with three proteases, HP-1, HP-6, and HP-21. HP-1 and HP-6 were also identified in complexes with serpin-5. These are all clip domain serine proteases (2) with one amino-terminal clip domain and a carboxyl-terminal catalytic domain. Reaction of HP-1 and HP-6 with serpin-4 and serpin-5 in plasma after treatment with Gram-positive or Gramnegative bacteria indicates that HP-1 and HP-6 are activated in response to both types of infection. These results, combined with the previous finding that recombinant serpin-4 or serpin-5 added to plasma can block pro-PO activation (43) , suggest that HP-1, HP-6, or perhaps both function upstream of PAPs in the pro-PO activation pathway. The apparently redundant function of serpin-4 and serpin-5 may indicate that regulation of HP-1 and HP-6 is essential for preventing the inappropriate activation of the pro-PO cascade. However, serpin-4 also inhibits at least three additional proteases in plasma and thus may also function in regulating other steps in the pro-PO pathway or proteases involved in other innate immune responses.
With M. luteus as an elicitor, recombinant serpin-5 only partially blocked pro-PO activation in plasma, whereas serpin-4 and the PAP inhibitors serpin-1J and serpin-3 can completely inhibit the activation pathway (40, 41, 43) . Serpin-4 and serpin-5 both inhibit HP-1 and HP-6, but serpin-4 also inhibits HP-21 and two proteases that have not yet been characterized. These observations are consistent with an hypothesis that the pro-PO cascade is a branched pathway, with one branch not including HP-1 or HP-6 and therefore not inhibited by serpin-5 (Fig. 11) . Complexes of serpin-4 with HP-21 and the two unknown proteases were not detected in plasma activated by E. coli or LPS, suggesting that these proteases may function in a branch of the activation pathway that is stimulated specifically by Gram-positive bacteria. Activation of a protease cascade pathway through branches specific for fungi and Gram-negative bacteria is known for the hemolymph coagulation pathway of horseshoe crabs (47) . When recombinant, active HP-1, HP-6, and HP-21 become available, it will be possible to study further their functions and the relative efficiency of serpin-4 and serpin-5 as inhibitors of these proteases.
Proteins that co-purified with serpin-4-and serpin-5-protease complexes may be components of noncovalent complexes that form during activation of the pro-PO cascade, in a manner similar to the complement system. Some HPs that were associated with the SPCs (PAP-3, HP-8, HP-14, and HP-17) were not in the form of a covalent complex with serpin-4 or serpin-5, and thus may have co-purified because of other types of interactions. The co-occurrence of HP-1, HP-6, HP-8, and HP-17 with SPCs after M. luteus or E. coli treatment may indicate that they are components of a protease cascade common to the response to Gram-positive and Gramnegative bacterial infection. HP-14 is a large protein with multiple regulatory domains, which can auto-activate in the presence of peptidoglycan and then stimulate pro-PO activation in plasma (48) . Thus, HP-14 is apparently a protease that can initiate the pro-PO activation cascade.
Among other proteins that co-purified with the serpin-protease complexes were immulectins, serine protease homologs, pro-PO, and PO, all known to be components of the pro-PO activation system. A large amount of IML-2 and IML-3 co-purified with serpin-protease complexes. IML-2 binds to LPS and stimulates activation of the pro-PO cascade (21, 22) . The presence of IML-2 also in a complex stimulated by Gram-positive bacteria suggests that IML-2 might also bind to a cell wall component of Gram-positive bacteria. Alternatively, the immulectins might function as linkers in protein interactions that bring components of the pro-PO activation pathway together even in the absence of LPS binding. The SPHs are clip domain protease homologs, in which the active site serine of the catalytic domain is replaced by glycine (14) . They lack protease activity but are required for efficient activation of pro-PO by purified PAPs (7) (8) (9) 14, 50) . The SPHs bind to IML-2, pro-PO, and PAPs (14) and form a high molecular weight complex with pro-PO and PAPs in vitro (50) , which presents the possibility that a complex of proteases (including some associated with serpins) is held together through their interactions with linking SPH and IML molecules. The formation of such a noncovalent complex, anchored to bacteria by immulectins or other M. sexta plasma proteins that bind to microbial polysaccharides (51), might localize pro-PO activation to the microbial surface. Some components of the pro-PO activation pathway might weakly associate in the hemolymph as a multimolecular complex in the absence of microbial activation. Such initiation complexes in mammalian plasma participate in the classical and the mannan-binding lectin pathways of complement activation (52) (53) (54) .
Based on the observations from this study and from previous studies, we propose a model for pro-PO activation and serpin regulation in M. sexta (Fig. 11) . At the end of the pathway, active PAPs interact with SPH-1 and SPH-2 to cleave pro-PO at Arg 51 and generate active PO (7) (8) (9) 14) . The active PAPs are regulated by serpin-1J and serpin-3 (9, 40) . Serpin-4 and serpin-5 block pro-PO activation (43) by inhibiting HP-1 and HP-6, which are upstream of the PAPs. Serpin-4 and serpin-5 do not directly inhibit HP-8, but they block its activation, suggesting that HP-8 is downstream of HP-1 and HP-6. Among the cloned M. sexta HPs, HP-8 has a sequence at its predicted activation site (Asp-Arg-Ile-Val) most similar to the reactive center loop sequences of serpin-4 (Asn-Arg-Ile-Gly) and serpin-5 (Asp-Arg-Ile-Ser), all with ArgIle at the P1-P1′ scissile bond. Therefore, we speculate that HP-1 or HP-6, which are inhibited by serpin-4 and serpin-5, may activate HP-8.
In addition to inhibiting active HP-6, serpin-4 blocks activation of the HP-6 zymogen, indicating that serpin-4 inhibits a protease upstream of HP-6 in the activation pathway. A candidate for such a protease is HP-21, which was identified in a serpin-protease complex with serpin-4 after activation by Gram-positive bacteria. Thus, if HP-21 is involved in activation of HP-6, some other unidentified protease must lead to activation of HP-6 in the response to Gramnegative bacteria. Among the serine proteases of D. melanogaster (55) , HP-6 is most similar (36% identity) to Persephone, a plasma clip domain protease involved in a response to fungal infection, resulting in synthesis of an antifungal peptide (56) . Furthermore, both HP-6 and Persephone have an unusual His residue at the P1 position of their putative activation sites. If HP-6 and Persephone are orthologs, they might have similar functions in pro-PO activation and induced synthesis of antimicrobial peptides.
At the beginning of the pathway, microbial cell wall components bind to microbial pattern recognition proteins (PGRPs, β-1,3-glucan recognition proteins, and immulectins) known to stimulate pro-PO activation (51) . HP-14 interacts with peptidoglycan from Gram-positive bacteria and auto-activates (48), leading directly or indirectly to activation of HP-21. A Grampositive bacteria-specific branch involving HP-21 and two unidentified target proteases of serpin-4 are probably upstream of the components of the pathway common to activation by Gram-positive and Gram-negative bacteria, including HP-1, HP-6, HP-8, and HP-17. A Gramnegative bacteria-specific branch also exists upstream in the pathway, involving a different initiation complex comprising pattern recognition proteins and unknown proteases. HP-21 might directly or indirectly activate HP-1, HP-6, or HP-17. HP-6 or HP-1 may activate HP-8. HP-8 is a candidate for an activator of PAPs. Finally, pro-PO is activated by PAPs in the presence of SPHs 1 and 2. The SPHs must also be activated by specific proteolytic cleavage, which is blocked by serpin-4. These proteins associate to form a large noncovalent complex on the surface of microbial aggregates through their interactions with immulectins and SPHs. Melanization occurs locally, and the activation cascade is limited in time by inhibition of the proteases by serpins. Monoisotopic peaks matching either serpin-4 or HP-1 peptides are labeled. In parentheses, peptide residues are followed by the theoretical monoisotopic peptide mass. 1Met-ox indicates a predicted mass with one methionine oxidation, and 1Cys-am indicates a mass with one cysteine modification by acrylamide. 
Identification of serpin-4 in SPC4s by MALDI-TOF mass spectrometry
The mass spectral analysis was performed as described under "Experimental Procedures. 
Matching tryptic peptides for PO-1 and PO-2 co-purified with SPC4s
The serpin-4-protease complex (SPC4) bands were cut out and subjected to in-gel trypsin digestion. The peptides extracted were analyzed by MALDI-TOF mass spectrometry. The experimental peptide masses matching peptides of PO-1 and PO-2 were obtained from co-migrating SPC4-5 and SPC4-4 bands, respectively. The numbering of peptide residues of PO-1 (GenBank TM accession number AAC05796) and PO-2 (accession number AAC37243) refers to the pro-forms. The peptides with putative residue modifications are indicated by superscript greek as follows: α, one cysteine carbamidomethylation by iodoacetamide; β, one methionine oxidation. 
